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Within the most mesmerizing materials in the world of optoelectronics, mixed halide perovskites 
(MHP) have been distinguished due to the tunability of their optoelectronic properties, balancing both the 
light harvesting efficiency and charge extraction into highly efficient solar devices. This feature has 
drawn the attention of analogous hot-topics as photocatalysis for carrying out more efficiently the 
degradation of organic compounds. However, the photo-oxidation ability of perovskite does not only 
depend on its excellent light-harvesting properties, but also on the surface chemical environment provided 
during its synthesis. Accordingly, we studied the role of surface chemical states of MHP based 
nanocrystals (NCs) synthesized by hot-injection (H-I) and anion-exchange (A-E) approaches, on their 
photocatalytic (PC) activity for the oxidation of β-naphthol as a model system. We concluded that iodide 
vacancies are the main surface chemical states that facilitate the formation of superoxide ions, O2
●─
, 
responsible for the PC activity in A-E-MHP. Conversely, the PC performance of H-I-MHP is related to 
the appropriate balance between band gap and a highly oxidizing valence band. This work offers new 
insights on the surface properties of MHP related to their catalytic activity in photochemical applications. 
 
Keywords: Surface chemical states, iodide vacancies, hot-injection, anion-exchange, superoxide ions, 
photocatalytic activity, degradation pathways,  
 
1. Introduction  
All-inorganic halide perovskites have become extremely competitive optoelectronic materials due to 
their high sunlight harvesting efficiency and notable charge carrier generation/transfer capabilities.
1, 2
 
These features have been recognized as the key factors for enhancing photoconversion efficiencies in 
solar photovoltaic devices.
3
 Furthermore, their fascinating photoluminescence quantum yield (PLQY), 
induced by a low nonradiative carrier recombination effect, can explain the expansion of their 
applicability in the wide optoelectronic field.
4
 A high and prolonged PLQY from halide perovskites is the 
indication of the defect-tolerant structure, which increases the lifetime of photoexcited charge carriers.
5
 
This feature has been successfully exploited in few works related with photocatalysis, for increasing the 
oxidizing power during the photodegradation of organic molecules.
6-8
 Pure perovskite nanocrystals (NCs) 
such as CsPbBr3 and CsPbI3 exhibit fixed band gaps.
9
 By tuning the chemical composition of the NCs, 
harnessing band engineering approaches, both the light harvesting and relative positions of valence and 
conduction bands (VB and CB, respectively) are controlled.
10, 11
 Therefore, the photo-oxidation and/or 
photo-reduction abilities of these materials can be maximized. The band engineering mediated by 
chemical composition has been useful to improve the photocatalytic (PC) properties of earth-abundant 
3 
 
insulators such as BaSO4 by incorporating Ba-vacancies.
12
 Band gap of modified BaSO4 was reduced to 
improve its light harvesting efficiency, achieving a highly oxidizing VB, and performing more efficiently 
the PC removal of NO molecules. In this context, CsPbBr3-xIx mixed halide perovskites (MHP) NCs 
constitute highly promising materials due to the improved light-to-carrier conversion efficiency with 
tunable band gap, which can be optimized by adjusting the halide content in their structure.
9
 This 
outstanding photophysical feature has been extremely useful for the fabrication of efficient optoelectronic 
devices as multijunction tandem solar cells
13
 and multicolor light-emitting diodes.
14, 15
 Nevertheless, very 
few works have reported the use of CsPbX3 NCs (X = Br, I or Br/I combinations) for solar synthesis (e.g. 
polymerization of 3,4-ethylenedioxythiophene),
16
 CO2 reduction to C1 products as methane and carbon 
monoxide,
6, 17
 solar fuel generation (e.g. hydrogen production),
18, 19




For the synthesis of MHP NCs, some methods have been described in the literature: (1) hot-injection 
(H-I), (2) anion-exchange (A-E), and supersaturated recrystallization (S-R) approaches.
4, 20, 21
 H-I is 
performed by pre-mixing certain amounts of lead bromide (PbBr2) and iodide (PbI2) salts. This fact 
ensures the complete reaction of both the precursors PbBr2/PbI2, predicting the right MHP stoichiometry.
9
 
In A-E, pure CsPbBr3 and CsPbI3 colloidal NCs are mixed together with different Br:I ratios, taking 
advantage of the high ion mobility of halides into the perovskite lattice.
20, 22
 In S-R, MHP NCs are 
obtained in the absence of inert gas and injection process.
21
 However, for A-E method halide diffusion 
generates inhomogeneous composition across the perovskite nanostructure, producing domains with high 
iodide content at the surface with a small bromide content within the core.
5, 23
 Moreover, it has been 
observed that iodide vacancies are formed at the MHP surface, defined by the presence of metallic lead 
(Pb
0
) detected by as X-ray photoelectron spectroscopy (XPS). The defect density tends to linearly 
increase with the amount of CsPbI3 in the A-E synthesis,
5
 facilitating the O2 incorporation, and 




However, it is not clear whether O2 is really harmful for the performance of all solar-driven processes 
carried out by moisture-affected photoactive materials. The O2-diffused CH3NH3PbI3 layers produce 
highly reactive superoxide ions (O2
●─
) under illumination, trapping photoexcited electrons, which are 
otherwise transported in the solar cells. Although this fact is directly associated to the decrease of the 




 can act as an active intermediate species in 




 and phenol 
derivates,
29, 30
 among others. High reactive O2
●─
 species have been also identified as the main factor for 
the PC performance of modified semiconductors such as Bi metal-deposited Bi2GeO5 to mediate an 
efficient NO oxidation,
31
 and metal-organic frameworks as UiO-67 to perform the plasma-assisted dry 
4 
 
reforming of methane in order to obtain CO and C2H4.
32
 Therefore, it is crucial to shine light on the effect 
of the highly reactive O2
●─
 species formed at the MHP surface, for the efficient PC oxidation of organic 
compounds, well-known to be correlated to the chemical environment of the photocatalyst itself.  
 
In this work, the surface chemical states present at MHP NCs synthesized by two different methods, 
H-I and A-E (H-I-CsPbBr3-xIx and A-E-CsPbBr3-xIx MHP, respectively) are correlated with the PC 
degradation efficiency of organic molecules, using as benchmark system the β-naphthol. By studying 
their optical properties, surface chemical environment, composition, and photo-oxidation ability, 
interestingly we demonstrate that the NCs synthesis process plays a very important role in the chemical 
reactions inducing the photodegradation, due to the different surface nature of the prepared NCs. The PC 
behavior of both H-I-MHP and A-E-MHP is dictated by two different degradation pathways. β-naphthol 
is mainly degraded via highly-oxidizing photoexcited VB holes by using H-I-MHP, while A-E-MHP 
oxidize the organic molecule through the reactive O2
●─
 species. The formation of these superoxide species 
is directly associated with the density of surface iodide vacancies at the MHP NCs. The presence of O2
●─
 
species promotes a concerted double proton-coupled electron transfer reaction, producing H2O2 as a 
byproduct. These findings constitute an important step forward on the understanding of the reactivity of 
MHP, opening the possibility to introduce these materials as novel catalysts for many different PC 
applications.   
 
2. Results and Discussions 
2.1. Morphology and photophysical features of hot-injection and anion-exchange mixed halide perovskite 
nanocrystals 
Figures 1A-G show TEM images of colloidal H-I-MHP and A-E-MHP NCs and their corresponding 
luminescent colors. For all the materials, the typical cubic morphology was evidenced, achieving a 
particle size between 11.1 and 13.6 nm. The size distribution of each MHP is shown as Figure S1A-G. 
The UV-Vis absorption onset of the MHP NCs (Figure 1H) was red-shifted after iodine incorporation in 
H-I-CsPbBr3-xIx and A-E-CsPbBr3-xIx, due to the lower band gap (Eg). Consistently, the 
photoluminescence (PL) emission only exhibited a single symmetric peak, which was also red shifted 
(Figure S2B).The narrow full width at half maximum (FWHM) (Figure S2C), highlights that the 
preparation was effective to achieve homogeneous solid solutions with larger particle size for the iodine 
enriched MHP. This fact is in good agreement with TEM images.
4, 9
 From emission peak positions, the 
estimation of the Eg values (Table S2), confirmed that H-I and A-E are suitable methods to modulate the 
band gap of NCs, thus covering a broad range of the visible spectra (from green to red). The influence of 
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the halide content on the crystalline structure of the H-I-MHP and A-E-MHP was also assessed by XRD 
(Figure S2A), where two main diffraction peaks are present for all studied materials. These signals were 
ascribed to the (100) and (200) planes from the perovskite lattice, crystallizing in a pure single cubic 
phase (JCPDS card # 00-054-0752).
33
 Furthermore, the two representative peak positions at the XRD 
profiles were shifted to lower Bragg angles after increasing the amount of iodine into the perovskite NCs. 
This fact was ascribed to the enlargement of the Pb-X bond by increasing the ionic radius of the halide 
anion during bromine-to-iodine substitution.
22, 34
 Through EDS analysis, the chemical compositions of H-
I-MHP and A-E-MHP were estimated (Table S1). It was observed that the stoichiometry of the CsPbX3-
type structure in the NCs remained unaltered after variation of the halide content.  
 
Figure 1. (A-G) TEM images and (H) UV-Vis spectra of CsPbBr3-xIx mixed halide perovskite 
nanocrystals obtained by hot-injection (H-I) and anion-exchange (A-E) approaches. (H) UV-Vis 
absorbance spectra of the different solutions shown in (A-G), solid lines for H-I perovskites and dotted 
lines for A-E perovskites. 
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In order to gain information about the kinetics of the halide exchange reactions between CsPbBr3 and 
CsPbI3 NC, we followed the reactions of the two precursors mixed in the three different ratios by steady-
state PL spectroscopy during 30 min. Time-dependent PL emission spectra are showed in Figures 2A-C. 
It has been proposed that this exchange process occurs by simultaneous halide migration between the 
perovskites (from bromide- to iodide-perovskite and vice-versa),
22
 however, our experiments did not 
show this behavior. In contrast, a decrease of the emission peak of the CsPbI3 NCs was observed upon 
iodine addition to the bromide perovskite to form A-E-CsPbBr2.22I0.78 and A-E-CsPbBr1.38I1.62 (Figures 
2A,B). Additionally, an increase of the emission peak of the CsPbBr3 NCs was observed upon Br addition 
to the iodide perovskite to obtain A-E-CsPbBr0.42I2.58 (Figure 2C). At the end of the reaction time, a single 
emission peak was observed for all the perovskite NCs combinations, indicating the formation of the fully 
exchanged A-E-CsPbBr3-xIx MHP phases.
35, 36
 This behavior is clearly related to the low activation energy 
for both bromide and iodide mobility (Br
-




 and in particular, to the 
higher complexation affinity of the Pb-Br bond compared to the Pb-I bond.
5, 38
 This fact leads to an faster 
diffusion of the iodide anions into the CsPbBr3 NCs, compared to the diffusion of the bromide anions into 
the CsPbI3 NCs.  
Therefore, the different migration kinetics between iodide and bromide causes inhomogeneity into the 
MHP structure.
5
 Moreover, by increasing the I:Br ratio, more iodide species can migrate in the 
CsPbI3→CsPbBr3 direction compared to bromide anions in the reverse way. Consequently, a low amount 
of bromide anions can replace some iodide positions, producing a high density of iodide vacancies at the 
NC surface. In the case of H-I-MHP, we can infer that the stoichiometry of the involved precursors in the 
synthesis of CsPbBr3-xIx generates well-defined bromide- and iodide-domain positions. Thus, the halide 
gradient in the NC surface and the possibility to form halide vacancies is reduced (Figures S3A,B). To 
corroborate this hypothesis, the photophysical features of both H-I-CsPbBr2.37I0.63 and A-E-CsPbBr2.22I0.78 
were followed through emission measurements immediately after the synthesis and 90 days after 
synthesis, stored under air atmosphere. The emission peak position of H-I-CsPbBr2.37I0.63 was blue-shifted 
around 4 nm keeping their coloration (Figure S4A,A’). This fact is a clear indication of the good stability 
of the H-I-MHP sample. Conversely, the peak of A-E-CsPbBr2.22I0.78 was displaced around 24 nm, close 
to the emission feature of pure CsPbBr3 NCs (Figures S4B,B’). These results strongly suggest that A-E-
MHP exhibits more iodide vacancies exposed to the O2 molecules compared to H-I-MHP, which is the 
main reason for self-degradation.
25, 39, 40
 However, the fact that the A-E-CsPbBr2.22I0.78 was still 
luminescent is an indication that the degradation of all-inorganic perovskite nanocrystals is slow at room 
conditions. In this context, if the iodide vacancies are found at the NC surface as mentioned above, these 




Figure 2. Time-dependent steady-state emission spectra under 405 nm-continuous wave laser for anion-
exchange reactions between pure H-I-CsPbBr3 and H-I-CsPbI3 nanocrystals (50 mg mL
-1
 in hexane) using 
different Br:I volume ratios: (A) 3:1, (B) 1:1 and (C) 1:3. (D) Schematic representation of the halide 
exchange into A-E-CsPbBr3-xIx to increase the iodide content. 
Since PC reactions take place on the NC surface,
11
 it is essential to understand the nature and influence 
of surface chemical states on the PC activity of perovskite NCs, for further optimization of this 
photocatalytic system. In this context, X-ray Photoelectron Spectroscopy (XPS) allowed us to extract 
detailed information on the surface environment, composition and chemical species of both H-I-MHP and 
A-E-MHP NCs to determine the nature of these surface states. The survey spectra for all the materials are 
shown in Figures S5A,B, confirming the presence of Cs, Pb, Br and I. Figures 3A,A’ show the HR-XPS 
Cs 3d spectra for the H-I-MHP and A-E-MHP NCs, where a representative doublet at 724.4/738.2 eV was 
obtained. These signals represent the Cs 3d5/2 and Cs 3d3/2  core levels, respectively, associated to the 
presence of Cs
+
 into the CsPbX3-type structure.
41
 In addition, it was observed that the Cs 3d doublet 
changes its binding energy (BE) depending on the type of perovskite. For H-I-MHP, these peaks were 





into the Cs-(PbX6) octahedra.
42
 Conversely, the opposite trend was evidenced for A-E-MHP, where the 
BE of Cs 3d doublet was displaced to higher values by reducing the Br:I ratio. Here, the added I
-
 content 
into Cs-(PbX6) octahedra was decreased after anion exchange.  
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The effect of Br:I ratio on the halide substitution in MHP NCs was also studied on their corresponding 
high-resolution HR-XPS Br 3d (Figures 3B,B’) and I 3d spectra (Figures 3C,C’). Typical doublets of d5/2 





 bonds from the CsPbBr3-xIx lattice. By comparing the Br 3d doublets of H-I-
MHP and A-E-MHP with Br:I ratios 3:1 and 1:1, no changes in the BE were noted. This fact indicates the 
excellent stability of Pb-Br into the PbBr6 octahedra. Nevertheless, a higher BE was recorded for the Br:I 
ratio 1:3 during halide exchange process, suggesting the formation of some bromide vacancies into MHP. 
This could be possible if a high amount of iodide vacancies is formed at the NC surface to expose the 
bromide domain-based core. In order to corroborate this hypothesis, I 3d doublet analysis was carried out. 
Then, an increase of the iodide content in A-E-MHP to Br:I ratio 1:3 led to a shift to higher BE values. 
This trend nicely agreed with the chemical composition of each material (See Table 1), where the 
decrease of added Br
-
 content as the Br:I ratio is decreased was clearly demonstrated. Here, the iodide 
content was almost constant suggesting that more iodide-deficient PbI6 octahedra were formed in A-E-
MHP. I 3d peaks for H-I-MHP red-shifted in the BE, confirming the incorporation of I
-
 into the 
perovskite lattice. Consequently, there is a low possibility to produce halide-deficient domains. Therefore, 
we deduced that A-E-MHP contain a higher density of iodide vacancies compared to H-I-MHP. Moreover, 
for A-E-MHP NCs we observe a counterintuitive fact that the samples with the highest iodide content also 
present the highest iodide vacancy density concretely for the A-E-MHP with Br:I ratio 1:3 (A-E-
CsPbBr0.42I2.58). 
Figures 3D,D’ exhibit the HR-XPS Pb 4f spectra for all the MHP NCs, where the two main peaks 
ascribed to Pb 4f7/2 and Pb 4f5/2 core levels were decomposed into two doublets. The first one at 
137.8/142.7 eV corresponded to the presence of Pb
2+
 species originated from the CsPbX3 lattice. The 
second peak at 136.0/140.9 eV was associated to metallic lead (Pb
0
) species formed due to the deficiency 
of iodide anions in the perovskites.
45-47
 Accordingly, it is expected that the decrease of the Br:I ratio for 





 content was quantified into the A-E-MHP NCs. This fact also corroborates that the anion-
exchange process produces more iodide vacancies into the MHP (Table 1).
23











 allows a faster iodide migration 
compared to bromide diffusion between CsPbI3 and CsPbBr3 NCs. Hence, by increasing the iodide 
content in the A-E-MHP, more I
-
 species are available to diffuse into NCs, and in turn highly iodide 
deficient MHP are generated.  Therefore, at this stage, we can claim that iodide vacancies constitute the 




Figure 3. High-resolution XPS spectra of (A,A’) Cs 3d, (B,B’) Br 3d, (C,C’) I 3d and (D,D’) Pb 4f for 
(A-D) H-I-CsPbBr3-xIx and (A’-D’) A-E-CsPbBr3-xIx nanocrystals. 












H-I-CsPbBr3 6.82 33.75 - 59.43 - 
H-I-CsPbI3 17.58 25.66 3.75 - 53.01 
H-I-CsPbBr2.37I0.63 12.27 25.82 0.44 53.26 8.20 
H-I-CsPbBr1.56I1.44 10.81 28.36 4.34 29.30 27.20 
A-E-CsPbBr2.22I0.78 18.16 21.87 0.32 36.67 22.98 
A-E-CsPbBr1.38I1.62 16.70 18.66 13.13 31.07 20.44 
A-E-CsPbBr0.42I2.58 9.37 13.95 35.50 20.01 21.17 
 
2.2. Surface photovoltage of hot-injection and anion-exchange mixed halide perovskite nanocrystals 
After establishing the iodide vacancies as the main surface chemical states on H-I and A-E-MHP NCs, 
it is also clear that PC performances for the oxidation of organic molecules can be significantly affected 
by these surface states. Therefore, it is essential to clarify their acceptor/donor nature at the MHP lattice. 
The synthesized NCs were deposited as thin films onto a TiO2 compact layer (C-TiO2)/FTO, in order to 
observe the surface electrical potential generated by band-to-band (VB maximum→CB minimum) and 
10 
 
trap-to-band (intraband gap levels→CB minimum) transitions at the NCs surface under illumination. SPV 
analysis is commonly based on the band bending model of semiconductors as a function of the carrier 
accumulation at the solid surface.
48
 Upon illumination, acceptor states (n-type semiconductors) or donor 
states (p-type semiconductors) migrate to the semiconductor surface (depletion layer), where they are 





 Thereby, a negative SPV is ascribed to the presence of surface acceptor states that 
accumulate electrons, while a positive SPV corresponds to surface donor states that collect positive 
charge.
50, 51
 For bulk or large particles of a semiconductor ≥ SCR, the band bending model can be applied. 
However, SPV analysis is different for NCs. Here, VB and CB edges do not suffer band bending and the 
carrier accumulation depends on the carrier diffusion length, which is short for small nanoparticles.
49
  
In order to determine the nature of carriers collected at the MHP NCs, surface photovoltage (SPV) 
measurements were conducted on H-I-CsPbBr2.37I0.63, H-I-CsPbBr1.56I1.44 and A-E-CsPbBr0.42I2.58 NCs. 
The contact potential difference (CPD) of these NCs was measured as a function of the illumination 
intensity. CPD is considered as the potential drop generated between two surfaces in close proximity (in 
our case, C-TiO2/FTO and perovskites).
48
 By subtracting CPDlight – CPDdark, SPV for each material can be 
obtained. According to Figure S6, the higher the light intensity, the lower the measured CPD. This 
tendency was ascribed to electron extraction from MHP to C-TiO2/FTO, and hole accumulation at the NC 
surface.
11, 50, 52
 Therefore, n-type semiconducting behavior of the MHP could be clearly identified. 
Nonetheless, the CPD is less negative upon decreasing the Br:I ratio in the NCs. In order to understand 
this behavior, we studied the SPV vs. light intensity plots obtained for the abovementioned NCs (Figure 
4A). Under low light intensity conditions (3 W m
-2
), we evidenced a rapid displacement of SPV to more 
negative values. Then, SPV was almost constant at higher light intensities. This fact indicates that the 
maximum capability of charge carrier separation into perovskite NCs can be reached at the lowest light 
intensity used in these measurements. This ability keeps stable up to the maximum irradiance conditions. 
Additionally, the negative SPV obtained for the three different NCs involves the presence of surface 
acceptor states, associated to accumulated surface holes after electron extraction.
50, 51
  
Comparing the corresponding magnitude of SPV for each nanocrystal, it is also clear that a more 
positive value was reached upon increasing the iodide content into the CsPbBr3-xIx lattice. Considering 
that H-I-CsPbBr2.37I0.63 and H-I-CsPbBr1.56I1.44 were obtained by the same synthesis method, the slight 
difference in SPV was ascribed to the increase of particle size of MHP. Thus, the carrier diffusion length 
was increased and the carrier separation slowed down.
49
 Conversely, the markedly increase of SPV 
magnitude for A-E-CsPbBr0.42I2.58 strongly suggests that the surface chemical states can also influence the 





These findings together with the XPS analysis, according to which A-E-MHP produce a higher density 
of iodide vacancies (and consequently also metallic lead) compared to H-I-MHP, demonstrate that 
electron extraction from A-E-CsPbBr0.42I2.58 is hindered by these surface states. This fact favors electron 
trapping. As it has been reported that iodide vacancies are produced by the generation of Pb dangling 
bonds, which are located close to the CB of the perovskite (Figure 4B),
53, 54
 we attributed the trap-to-band 
transitions to electron photoexcitation from VB to the I vacancy levels and then to the CB under 
illumination. Therefore, we conclude that iodide vacancies act as surface donor states for electron 
trapping at the NCs. 
 
Figure 4. (A) Dependence of SPV with light intensity for H-I-CsPbBr3-xIx (x = 0.63, 1.44) and A-E-
CsPbBr3-xIx (x = 2.58) nanocrystal films. (B) Schematic illustration of iodide vacancies into the band 
structure of a CsPbBr3-xIx perovskite.  
 
2.3. Band structure of the hot-injection and anion-exchange mixed halide perovskites  
The band gap of NCs plays a key role on the PC activity as a narrower band gap produce higher 
photon harvesting but the energetic band position also influences the PC activity as more positive energy 
position of the VB (vs. Fermi level), increases the oxidizing power of the MHP photocatalysts. 
Consequently, the final PC activity is strongly determined by both band gap and energy position. 
Therefore, to understand the correlation between electronic structure and PC activity for H-I-MHP and A-
E-MHP NCs, their corresponding VB and CB relative positions were determined. By obtaining 
normalized XPS VB spectra (Figures S7A,B), the valence band energy (EVB) was determined for all the 
perovskites through the extrapolation method. Then, the equation EVB = ECB + Eg was used to calculate 
12 
 
the associated conduction band energy (ECB) and thereby estimate the band structure. The obtained energy 
levels are in good agreement with band structures extracted from electrochemical measurements for these 
perovskites NCs.
11
 As seen in Figure 5A, on one hand, the EVB of H-I-MHP is shifted to more negative 
values (vs. Fermi level) by increasing the iodide content, consequently decreasing the oxidizing power of 
the MHP photocatalysts. On the other hand, higher iodide content narrows the band gap, increasing the 
light harvesting. In this sense, the bandgap and the energy band position of H-I-MHP NCs follow 
different trends, with the increase of iodide contend, respect favoring the PC activity.  
Conversely, a different behavior was observed for A-E-MHP NCs. By decreasing the Br:I ratio 
(Figure 5B), the band gap was narrowed too, but EVB was shifted to more positive values, increasing the 
oxidizing power of VB holes. Thus, the surface chemical states discussed above suggests that the higher 
density of iodide vacancies found in A-E-MHP does not only provide donor energy levels below the 
bottom-edge of CB but also influences the band position. These iodide-deficient domains also facilitate 
the exposure of Br-domains from A-E-MHP. Therefore, Br 2p orbitals govern the VB position. According 
with the band structure obtained for each perovskite NC, we propose that both H-I-MHP and A-E-MHP 
can provide a high PC activity for performing the β-naphthol (β-NPT) photodegradation but the different 
band position will influence which NC composition will produce the better PC activity depending on the 
synthesis process. In addition, the different density of surface chemical states of these materials suggests 




Figure 5. Band structure of (A) H-I-CsPbBr3-xIx and (B) A-E-CsPbBr3-xIx nanocrystals, obtained from 
XPS VB spectra through the extrapolation method.  
2.4. Photocatalytic activity of mixed halide perovskite nanocrystals for β-naphthol degradation 
After analyzing the role of iodide-deficient domains on the photophysical, surface properties and 
band structure of MHP NCs, we carried out the photo-oxidation of an organic compound under air 
atmosphere, with both H-I and A-E-MHP, using β-naphthol (β-NPT) as a generic compound. We 
followed the typical UV-Vis absorbance band from the organic compound during 90 min reaction time, in 
14 
 
the absence and presence of MHP photocatalysts under continuous visible light irradiation (Figures S8A-
H). Changes in the absorbance of β-NPT (C/Co) were tracked at 15 min intervals (Figure 6A), where C is 
the concentration and Co the initial concentration. From the degradation curves, a pseudo-first-order rate 
constant (k) was determined for each photocatalyst (Figure 6A’). This parameter was determined from 
Ln(Co/C) = kt, being t the reaction time. The corresponding k values obtained for each perovskite are 
summarized in Table S3. First, the photolytic process (absence of MHP photocatalysts) did not provide 
any meaningful change on the C/Co relative concentration of the organic compound, confirming its 
recalcitrant behavior under visible light. Then, PC performances of the H-I-MHP NCs were compared as 
a function of their corresponding band gap, where the maximum photodegradation efficiency was around 
61 %, for H-ICsPbBr2.37I0.63 NCs (Figure S9A). This material also exhibited the highest k, associated to 
the fastest degradation process occurring at the NC surface.
11
 Higher iodide content led to the deactivation 
of the PC activity. Conversely, the highest PC performances of the A-E-MHP NCs around 37 % and 57 % 
were achieved for A-E-CsPbBr2.22I0.78 and A-E-CsPbBr0.42I2.58, respectively (Figure S9B). The highest PC 
performance is obtained for NCs with different bandgap depending of the synthesis process due to the 
different energy position, as discussed in section 2.3., but also different chemical reaction could take 
place owing to the different surface nature, as we analyzed below.  
As previously demonstrated by XPS and SPV analyses, A-E-MHP NCs displayed a high density of 
iodide vacancies, which made them more prone to incorporate O2 molecules. However, it has been 
reported that the introduced O2 species can generate superoxide ions, O2
●─
, by trapping the photoexcited 
electrons from the perovskite.
25, 26, 39, 46, 55
 For solar cells application, the presence of O2 slows down the 
electron transport through the devices, decreasing the photoconversion efficiency.
39, 55
 For photocatalysis, 
O2 can act as an electron scavenger to produce O2
●─
 species, preventing carrier recombination.
39, 49
 This 
fact increases the density of available photoexcited holes at the photocatalyst, which significantly 
enhances its PC activity. In this context, the observed PC performances for A-E-CsPbBr3-xIx can be 
explained in terms of the ease for O2
 
incorporation at the NC surface. A-E-CsPbBr2.22I0.78 NCs shows the 
lowest density of iodide vacancies, which is high enough to allow the introduction of a slight O2 fraction 
into its structure. This fact was evidenced by observing a blue shift in the PL peak of the A-E-
CsPbBr2.22I0.78 after 90 days under air, indicating the self-degradation of the perovskite (Figure S4B,B’).
40
 
However, the remained green luminescence of A-E-CsPbBr2.22I0.78 also suggest that the incorporated O2 is 
not enough to promote the complete degradation of the MHP. 
Conversely, a higher density of iodide vacancies evidenced at the A-E-CsPbBr0.42I2.58 NCs can 
facilitate the diffusion of a higher fraction of O2 to generate more O2
●─
species. However, we also 
concluded that the iodide-rich MHP can be more easily fast-self-degraded. Thus, the PC activity of A-E-
15 
 
MHP does not only depend on the presence of accumulated photoexcited holes, but also on the density of 
highly reactive O2
●─
species produced at the NCs. Therefore, the β-NPT degradation pathway by using A-
E-CsPbBr0.42I2.58 NC is mediated by these O2
●─
 species at the NC/solution interface. At this stage, it is 
clear that a balance between the instability and the PC activity of the A-H-MHP can be concluded: iodide 
vacancy-rich A-E-MHP shows a high PC performance as the result of a high density of O2
●─
 species. 
Nonetheless, short times would be required to use these materials in PC oxidation reactions before to 
evidence their fast-self-degradation. Conversely, the PC activity of A-E-MHP with lower density of 
iodide vacancies (slow-self-degradation) could be studied at longer times, which could compensate their 
low formation of  O2
●─
 species to photodegrade organic compounds. Nonetheless,  On the other hand, the 
PC activity of H-I-MHP NCs is based on an appropriate balance between the band gap and highly 
oxidizing VB relative position. This fact clearly suggests that with H-I-CsPbBr2.37I0.63 NCs, the β-NPT 
degradation pathway follows the direct reaction with photoexcited holes. 
In order to further confirm the β-NPT degradation pathways followed by using either H-I-MHP or A-
E-MHP, ATR-IR spectra were acquired on the systems with the highest PC performance. The decrease of 
main peaks from the organic molecule was evidenced as the reaction time increases (Figure 6B,C,B’, C’) 
indicating the degradation of β-NPT. Two peaks at 3188.2 and 3394.3 cm
-1
 were ascribed to =C-H and 
O-H asymmetrical stretching, respectively (Figures 6B,B’), while the signals at 1645.8 and 1730.0 cm
-1
 
corresponded to C=C aromatic bond stretching from the naphthalene rings (Figures 6C,C’).
56
 The 
presence of H-I-CsPbBr2.37I0.63 NCs eventually quenches the absorbance of these peaks at 1645.8 and 
1730.0 cm
-1
 (Figures 6B,C). After 90 min reaction time, a different type of O-H stretch vibration appeared 
in the spectra. We consider that the low density of iodide vacancies found in H-I-CsPbBr2.37I0.63 NCs 
allows the production of a small density of O2
●─
 species contributing to the organic degradation process. 
However, the progressive reduction of ATR-IR vibration modes of β-NPT is a clear evidence of the direct 
reaction between photoexcited holes generated at the photocatalyst and the organic compound. We 
concluded that this behavior is the key factor for the PC activity of H-I-MHP. Regarding A-E-
CsPbBr0.42I2.58 NCs, the absorption bands describing the vibrational modes of the β-NPT were rapidly 
diminished after 30 min reaction time (Figures 6B’,C’). Surprisingly, the decay of these signals turned 
slower (as a result of a decreased PC activity), as the O-H vibration peak progressively became more 





Figure 6. (A) Photodegradation of β-naphthol (0.2 mM)  vs. time and (A’) corresponding kinetic rate 
curves obtained (a) in absence and presence of H-I-CsPbBr3-xIx (solid line, green) [(b) x = 0, (c) x = 0.63, 
(d) x = 1.44, (e) x = 3)], and A-E-CsPbBr3-xIx (dashed line, pink) [(f) x = 0.78, (g) x = 1.62 and (h) x = 
2.58] perovskite nanocrystals under O2 atmosphere. Progressive decrease of IR vibration modes of (B,B’) 
hydroxyl group and (C,C’) naphthalene ring during the photocatalytic β-naphthol oxidation by using (B,C) 
H-I-CsPbBr2.37I0.63 and (B’C’) A-E-CsPbBr0.42I2.58 perovskites (2.5 mg mL
-1
). Illumination source: halide 
lamp (60 mW cm
−2
). 
Considering that A-E-MHP contains a high density of iodide vacancies into its structure, we consider 
that there is a proportional fraction of O2 diffused to the photocatalyst for producing a high density of 
O2
●─
 species under illumination. Nevertheless, the formed O2
●─
 can react with the aromatic compound 
through proton/electron transfer pathway, described as follows (reactions 1-5):
30
 
                                                                                     𝑂2 + 𝑒
− ⇄ 𝑂2
•─                                                                       (1) 
                                                                 𝑂2
•─ + 𝐶10𝐻7𝑂𝐻 ⇄ 𝐻𝑂2
• + 𝐶10𝐻7𝑂
−                                                   (2) 
                                                                           𝐻𝑂2
• + 𝑂2
•─  → 𝐻𝑂2
− + 𝑂2                                                               (3) 
                                                                               𝐻𝑂2
• + 𝑒− → 𝐻𝑂2
−                                                                        (4) 
                                                            𝐻𝑂2
− + 𝐶10𝐻7𝑂𝐻 → 𝐻2𝑂2 + 𝐶10𝐻7𝑂





 species (weak base) cause the deprotonation of β-NPT (Brönsted acid), to produce 
hydroperoxide radicals (HO2
●
) and naphtholate anions, respectively. HO2
● 
are rapidly converted to 
hydroperoxide anions (HO2
─
) by reacting with other O2
●─ 
species or photogenerated electrons at the MHP. 
Then, HO2
─
 also induces the H
+
-transfer from the organic compound to obtain hydrogen peroxide (H2O2) 
as a secondary reaction product in the solution. This reaction mechanism has been reported as a concerted 
double proton-transfer electron transfer reaction (CDPET).
57
 Correlating the CDEPT process with the PC 
activity of A-E-CsPbBr0.42I2.58, we can hypothesize that the fast increase in the density of O2
●─
 species 
produced under illumination can also generate enough highly reactive HO2
─
 species for carrying out the 
organic deprotonation and H2O2 release. We contemplate that this is the reason for the eventual increase 
of the absorbance corresponding to the O-H vibration mode and the stopped-decrease of C=C naphthalene 
bands. This fact indicates that CDEPT is the first step in the β-NPT degradation pathway using A-E-MHP. 
In order to experimentally validate that A-E-CsPbBr0.42I2.58 follows a CDEPT-type mechanism, we probed 
the presence of H2O2 after organic photodegradation, by reaction with potassium iodide (KI). Here, 
changes in the PL features from the reaction mixture containing an A-E-MHP NC sample and β-NPT 
were observed after KI addition (Figure S10, supporting video 1 and 2) (See supporting information for 
more details). However, although the complete β-NPT photodegradation was not observed in the ATR-IR 
spectra after using A-E-MHP, we infer that the O2
●─ 
species can also directly degrade the organic 
molecules to obtain non-radical products (reactions 6 and 7).
29, 30
 Hence, the decrease of C/Co relative 
concentration of β-NPT can be reached: 
                                                              𝑂2
•─ + 𝐶10𝐻7𝑂𝐻 → 𝐻𝑂2
− + 𝐶10𝐻7𝑂
•                                                       (6) 
                                                              𝐶10𝐻7𝑂
• → 𝑛𝑜𝑛 𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠                                                         (7) 
Previous reports have reported that phenoxy-based radicals from the reaction of phenolic compounds and  
O2
●─ 




Another useful strategy to analyze the effect of O2 on the PC performance of MHP was by conducting 
the photodegradation measurements under inert atmosphere. Figures S11A,B show the UV-Vis 
absorption spectra of β-NPT by using H-I-CsPbBr2.37I0.63 and A-E-CsPbBr0.42I2.58 NCs as photocatalysts 
under N2-purge. Here, C/Co vs. reaction time plots were extracted (Figure S11C). After 90 min, the 
organic molecule was photodegraded on 31% and 22 %, respectively, indicating a decrease of PC activity 
for both H-I-MHP and A-E-MHP compared to their performances under O2 atmosphere. Simultaneously, 
ATR-IR also displayed the highest/lowest photo-oxidation ability of H-I-MHP/A-E-MHP photocatalysts 
to degrade β-NPT, without the appearance of the broad O-H vibration peak associated to the production 
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of H2O2 (Figure S12). Although it is clear that the PC performance of MHP is enhanced by the presence 
of O2, it is still evident that the quenching of the IR vibration modes of β-NPT by using H-I-
CsPbBr2.37I0.63 NCs. This behavior suggests that the organic degradation pathway is conducted by direct 
reaction with photoexcited holes. Meanwhile, A-E-CsPbBr0.42I2.58 NCs exhibited a “non-O2-shielded” 
lower PC performance. This fact indicated that formation of O2
●─
 species was inhibited, leading to charge 
carrier recombination into the perovskite NCs. Accordingly, we claim that the presence of O2
●─ 
species is 
the dominant factor dictating the PC activity of A-E-MHP. On the contrary, the low density of these ions 
in H-I-MHP indicates that their PC performance is attributed to the appropriate band gap and band 
relative positions to produce a high density of highly-oxidizing photoexcited holes. 
 
3. Conclusions 
In this work, we have synthesized MHP by H-I and A-E methods, where their band gap and relative band 
positions have been tuned by varying the halide content. After determining the photophysical and surface 
properties of H-I-MHP and A-E-MHP, we identified iodide vacancies as the main surface chemical states 
that govern the PC activity of MHP NCs for the degradation of organic molecules, causing also a different 
alignment of energetic bands. In the case of A-E-MHP, a high density of these species was produced due 
to the different ability of iodide and bromide anions to migrate during the halide exchange process. This 
fact generates inhomogeneous iodide domains at the NC surface. On the other hand, by stoichiometrically 
mixing the precursors to synthesize H-I-MHP, both the iodide and bromide domains are established into 
the perovskite lattice. Therefore, the halide gradient responsible for the generation of iodide vacancies 
was decreased. A-E-MHP was more prone to facilitate the oxygen incorporation, generating a higher 
density of reactive O2
●─
 species compared to H-I-MHP. The presence of O2
●─
 species dictates the PC 
activity of A-E-MHP for carrying out the β-NPT photodegradation through a CDEPT mechanism. 
Conversely, the low fraction of iodide vacancies at H-I-MHP suggests that their PC activity is controlled 
by an appropriate balance between the band gap energy and relative band positions. Thereby, a high 
density of photoexcited holes can be generated at the perovskite NCs to oxidize β-NPT at the 
photocatalyst/solution interface. This study provides a novel perspective about the structure-reactivity 
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A-E-CsPbBr3-xIx nanocrystals, tracking of β-naphthol photodegradation by UV-Vis spectroscopy under O2 
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